Abstract-Although zebrafish (Danio rerio) have been suggested as a good candidate for screening potential endocrine disruptors, little information is available on the effects of weak estrogens on this species. We investigated the sensitivity of different life stages of zebrafish toward toxic and estrogenic properties of methoxychlor (MXC). Short-term tests with adults resulted in a sex-specific 96-h lethal concentration for 50% (LC50) of the test animals of 36 g/L for males and 129 g/L for females. To determine the estrogenic capacity of MXC, adult zebrafish were exposed to 0, 0.5, 5, and 50 g MXC/L for 14 d. Induction of vitellogenin ([VTG] measured with protein electrophoresis and Western blot) in males was detected at 5 and 50 g MXC/L. Females, however, did not exhibit higher blood VTG concentrations at the tested MXC concentrations. In a second series of experiments, juvenile zebrafish were exposed to 0, 0.05, 0.5, and 5 g MXC/L for 33 d. Survival, length, weight, and condition of larvae were examined as indicators of toxic stress and the VTG content in whole body homogenates of juveniles was measured to determine xenoestrogenic effects. No effects of the tested concentrations of MXC were observed. Finally, the effect of MXC on zebrafish eggs, exposed to 0, 1, 10, and 32 g MXC/L, was examined. Hatching and survival of hatched zebrafish were affected at 10 and 32 g MXC/L. This study demonstrated that adult male zebrafish are sensitive toward the estrogenic effects of MXC. However, the use of VTG induction to detect effects of (xeno)estrogens in early life stages has to be further investigated, as low concentrations of VTG were detectable in exposed as well as unexposed juvenile fish.
INTRODUCTION
Methoxychlor (MXC) is an organochlorine pesticide, structurally analogue to DDT and developed to replace it. Due to its low toxicity toward mammals and lower persistence than DDT, it has been used widely to control insect pests [1, 2] . However, MXC appears to bioaccumulate in the environment and growing evidence indicates that it induces estrogenic effects in mammals, birds, amphibians, fish, and invertebrates [2] [3] [4] . The estrogenic capacity of MXC appears to result from its mono-and/or di-hydroxylated metabolization products [2, [5] [6] [7] . In most fishes exposed to MXC through intraperitoneal injection, no estrogenic effects were detected [8] [9] [10] , although in fish exposed via the water, clear estrogenic effects of MXC have been observed [5, 7, [11] [12] [13] . Toxic and estrogenic effects of methoxychlor in zebrafish have, to date, not been reported.
Concentrations of MXC in surface and drinking water generally are low. In Belgium, MXC was detected in 11 of 435 surface water samples with concentrations in these 11 surface water samples ranging from 5 ng MXC/L (detection limit) to 64 ng MXC/L and a mean of 19 ng MXC/L [14] . In [15] , MXC concentrations in drinking water intakes of up to 1.7 g/L have been reported. In the United States low concentrations, ranging from 0.032 to 15 ng/L, were detected in surface waters [16] , although exceptionally high levels up to 50 g/ L were found in some waters near agricultural areas [17] and from 50 to 1,210 ng/L in first flush storm water runoff [4] .
Due to the high K ow , MXC absorbs onto suspended solids and sediment particles. Concentrations of up to 1,200 g MXC/ kg have been detected in German river sediments [18] . Bioaccumulation factors obtained with several species range from 100 to 8,000 [16] . However, due to its relatively rapid metabolization and the high water solubility of the degradation products, MXC mostly is readily excreted from the body, resulting in generally low MXC residues in human and animal tissues [16] .
The U.S. Environmental Protection Agency and the Organization for Economic Cooperation and Development are developing Guidelines to evaluate the endocrine-disrupting capacity of chemicals. These include the measurement of vitellogenin (VTG) in Japanese medaka (Oryzias latipes), fathead minnow (Pimephales promelas), and zebrafish (Danio rerio). Although these species have several advantages such as short lifecycle, ease of maintenance and breeding, small size, and limited sensitivity toward physical stress, most endocrine-disruptors research with fish has been performed with rainbow trout (Oncorhynchus mykiss). Although this latter species has a high sensitivity, its long reproductive cycle, larger size, and stress sensitivity warrant the use of smaller fish for estrogenicity screening of chemicals [19] .
Induction of vitellogenin is used very widely as a biomarker for exposure to compounds with estrogenic properties. For ethinylestradiol (EE2), different authors reported a lowest-observed-effect concentration (LOEC) for VTG induction in zebrafish ranging from 1.67 ng/L [20] , 2.97 ng/L [19] , 5 ng/L [21] to 10 ng/L [22, 23] . These LOECs are comparable to those obtained for other species: 6 ng/L for golden orfe (Leuciscus idus) [24] , 10 ng/L for flounder (Platichthys flesus) [25] , 10 ng/L for carp (Cyprinus carpio) [26] , 64 ng/L for medaka [27] , 14 ng/L for lake sturgeon (Acipenser fulvescens) [28] , and 4 ng/L for rainbow trout [24] . In [26] , rainbow trout appeared to be even more sensitive with a significant increase of plasma VTG in male trout after a 10-d exposure to 0.1 ng EE2/L. For 17␤-estradiol, rainbow trout appears to be more sensitive (2-fold) than zebrafish [19] .
To further investigate the sensitivity of adult zebrafish to estrogenic compounds, we measured VTG induction after exposure to the weak estrogenic compound MXC for 14 d. The sensitivity of juveniles toward the estrogenic effects of this xenoestrogen was investigated after a 33-d exposure. Next to estrogenic effects, toxic effects of MXC on adults, juveniles, and embryos of zebrafish were studied.
MATERIALS AND METHODS

Chemicals
The pesticide methoxychlor (95% pure, 1,1,1-trichloro-2,2-bis-[methoxyphenyl]ethane) and the synthetic estrogen 17␣-ethinylestradiol (98% pure, 17␣-ethinyl-1,3,5[10]-estratriene-3,17␤-diol 3-cyclopentyl ether) were purchased from SigmaAldrich (Leuven, Belgium). Products were dissolved in ethanol (96%, Merck-Eurolab, Overijse, Belgium). Nominal concentrations were used in all experiments.
Fish maintenance and breeding
Adult zebrafish were purchased from a local aquaculturist (Antwerp Aquaria, Antwerp, Belgium) and kept in 200 L of aerated, carbon-filtered tap water (pH 7.8, hardness 350 mg CaCO 3 /L, temperature 24.0 Ϯ 1.5ЊC, 12:12-h light:dark cycle) and the same water was used in the experiments. Newly hatched live Artemia nauplii (Inve Aquaculture, Dendermonde, Belgium) and daphnids were provided once a day as food (100 mg wet wt/g fish ϳ).
Juveniles and embryos used in the experiments were bred at the laboratory. To induce spawning, male and female fish were kept in separate tanks with a 12:12-h light:dark cycle for 10 d. On day 11 an extra half hour of light was allowed; on day 12 an extra hour and on day 13, again, an extra half hour of light was allowed, so that a cycle of 14:10-h was reached. On day 13, two males and one female were put together in a 2.5-L tank and on day 14 a 13:11-h cycle and a water temperature of 26ЊC was used. Two hours after spawning, fertilized eggs were transferred into 100-ml beakers (50 eggs per beaker). After 3 to 4 d, the eggs had hatched and larvae were transferred to 2.5-L aquaria. Water was renewed every day. Liquifry number 1 (Tetra Werke, Melle, Germany) and Tetra AZ 300 (donated by Tetra Werke) were used as a food source until day 14. From then on live Artemia nauplii and daphnids were given once a day. The water temperature was kept at 26ЊC until 20 d posthatch, when it was gradually lowered to 24ЊC.
Adult tests
To determine the LC50, adult zebrafish were exposed in 3-L aquaria to 32, 56, 100, and 320 g MXC/L for 96 h. The MXC was dissolved in ethanol and 250 l of each stock solution was added to 2.5 L of carbon-filtered water. Water was renewed after 48 h. In the controls 250 l of ethanol was added to 2.5 L of carbon-filtered water. For each test concentration, two aquaria with five females and two aquaria containing five males were used. Fish were not fed during exposure. The oxygen content of the water was measured in the different test vessels the second day of exposure and was higher than 77% saturation in every aquarium. Aquaria were checked for mortality five times a day and dead fish were removed. At the end of the experiment, fish length and weight were recorded.
For the VTG induction experiment, adult zebrafish were exposed semistatically to 0.5, 5, and 50 g MXC/L and 50 ng EE2/L (250 l of each stock solution added to 2.5 L carbonfiltered water) and a solvent control (0.01% ethanol) for 14 d. Fish, approximately 10 months old (length 4.0 Ϯ 0.2 cm, wt 0.57 Ϯ 0.15 g) were used for these experiments. Each treatment consisted of four aquaria, two containing five females and two containing five males. Newly hatched Artemia nauplii (Inve Aquaculture) and daphnids were provided once a day (100 mg wet wt/g fish ϳ) and the test solutions were renewed every third day. The oxygen content of the water was measured every third day and was higher than 75% saturation in every aquarium. Samples for chemical analysis were taken 5 min, 1, 2, 5, 10, and 24 h after the first renewal. At the end of the experiment, fish were anaesthetized with 0.01% 2-phenoxyethanol (Sigma-Aldrich), weighed, and measured. Blood was taken from the caudal vein using heparine-rinsed syringes (heparine sodium salt from bovine intestinal mucosa, Sigma-Aldrich). After addition of 1 l of the protease inhibitor aprotinin (8.2 trypsin inhibitor unit/ml Sigma-Aldrich), blood was shockfrozen in liquid nitrogen and stored at Ϫ80ЊC. Liver and gonads were dissected and weighed on an analytical balance (Mettler Toledo B204-S, Zaventem, Belgium). The gonadosomatic index (GSI) was calculated as gonad weight per total body weight. The hepatosomatic index (HSI) was calculated as liver weight per total body weight. The condition factor was calculated as total body weight (g) per length 3 (cm).
Juvenile test
Fifteen four-week-old zebrafish were transferred to 2.5 L of carbon-filtered water with 250 l of each MXC stock solution added to the aquaria. A solvent-free control and a solvent control (0.01% ethanol) also were tested. Test concentrations were 0.05, 0.5, and 5 g MXC/L; three replicates were used for the control and two replicates per concentration MXC. Exposure conditions included a 12:12-h light:dark cycle and a water temperature of 24ЊC; fish were fed live Artemia nauplii once a day (50 mg wet wt/g fish ϳ). Test solutions were renewed every day. Mortality was checked twice a day and dead fish were removed. After 14 d of exposure, half of the fish were anaesthetized with 2-phenoxyethanol (Sigma-Aldrich), weighed on a Mettler Toledo B204-S analytical balance, measured for total length, and frozen in liquid nitrogen. The remaining fish were sampled after 33 d. Samples were kept at Ϫ80ЊC until analysis.
Embryo-larval test
Twenty 11-h-old fertilized eggs were transferred into 400-ml glass beakers containing 150 ml of carbon-filtered water. For each concentration, stock solutions were prepared, 15 l of MXC stock solution was added to the test vessels, and a solvent control (0.01% ethanol) was included. The final concentrations of MXC were 0, 1, 10, and 32 g/L and per treatment three replicates were used. The water was renewed every day and a 12:12-h light:dark cycle was applied. The hatched larvae were starved during the 15-d exposure period. Hatching of the eggs was checked every 2 h and mortality of the larvae was noted twice a day. 
Protein electrophoresis and Western blot
All chemicals were purchased from Sigma-Aldrich, except where indicated differently. After gradually thawing the samples on ice, juveniles were homogenized in 50 l Tris-HCl buffer (pH 7) with a motor-driven Teflon potter on ice. Samples were then centrifuged (4ЊC, 2,500 g, 10 min) and the supernatant was transferred into a new centrifuge tube. The protein concentration of the samples was determined according to [29] using bovine serum albumin as a standard. The protein content of the blood samples was measured using the same method without pretreatment. Denaturing protein electrophoresis was performed with Bio-Rad Protean II xi Cell electrophoresis equipment (Bio-Rad, Eke, Belgium). Samples (whole body homogenate supernatants or blood samples) corresponding to 10 g of protein were loaded on the gel and electrophoresis was performed according to [30] . Gels consisted of a separating gel (25% Tris-HCl pH 8.8, 0.1% sodium dodecyl sulphate-solution, 12%, 0.05% ammoniumpersulphate, 0.05% N,N,NЈ,NЈ-tetramethylethylenediamine [TEMED] in water) and a stacking gel (25% 0.5 M Tris-HCl pH 6.8, 0.1% sodium dodecyl sulfate solution, 3.9% acrylamide/bis, 0.05% ammoniumpersulphate, 0.1% TEMED in water). Per sample two replicates were loaded. Gels were run with a constant voltage of 200 V and stained with 0.15% Coommassie Brilliant Blue R-250 (ICN Biomedicals, Asse, Belgium) dissolved in a 5:2-h mixture of methanol and acetic acid (Merck-Eurolab). Destaining was performed with a 40% methanol/10% acetic acid solution in water. Purified VTG (rainbow trout vitellogenin, Biosense, Bergen, Norway) was loaded to determine the sensitivity of the electrophoresis.
For the Western blotting, whole body homogenates from juveniles, blood samples from exposed and unexposed males and females were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. A prestained broad range molecular weight standard was used (Bio-Rad). The proteins subsequently were transferred onto nitrocellulose membranes (Bio-Rad) with a Bio-Rad Mini Trans-Blot Electrophoretic Transfer Cell (1 h at 100 V). The primary antibody (SA7390 polyclonal zebrafish-VTG antiserum) was provided by M. Fenske and H. Segner of the Umweltsforschungszentrum (Leipzig, Germany). Full details on the antibody can be found elsewhere [20] . The blotted membranes were shaken in 5% low-fat powdered milk phosphate buffered saline (PBS) for 1 h prior to incubation with the primary antibody for 1 h (continuous agitation at room temperature). The primary antibody was diluted 1 to 40,000 in 5% low-fat powdered milk PBS. After incubation, the membranes were washed twice in PBST (1 ml Tween [ICI Americas, Bridgewater, NJ, USA]/L PBS) and once in PBS. The secondary antibody (antimouse alkaline phosphatase conjugate IgG) was diluted 1/1,000 in low-fat powdered milk PBS and membranes were incubated under continuous agitation at room temperature for 1 h, after which they were washed twice with PBST and once with PBS. Coloration was performed with Sigma fast 5-bromo-4-chloro-3-indolyl phosphate/nitro blue tetrazolium tablets during 20 min. The completeness of the protein transfer was checked by staining the remaining protein gel.
Protein gels and Western blot gels were scanned with a GelDoc 2000 system and analyzed with Quantity One software (Bio-Rad): The relative VTG content in the samples, measured with protein electrophoresis (the relative protein content of the peaks with molecular weights of 140-150 kDa and 170-175 kDa), was calculated. For analysis of the peaks (molecular wt, number of peaks, presence in males), Western blots also were studied.
Chemical analysis
For the 14-d VTG induction experiment, 65 ml of water in the different vessels was sampled at different times (5 min, 1, 2, 5, 10, and 24 h) for MXC measurements. The water samples (65 ml) were extracted three times with 25 ml of pentane (Ultra Resi-Analyzed, Baker, Phillipsburg, NJ, USA). The collected pentane fractions were dried with sodium sulphate (MerckEurolab) and concentrated to 1 ml for further analysis. The extracts were analyzed on a Thermoquest FINNIGAN (Milan, Italy) Trace gas chromatograph-mass spectrometer in total ion current.
The gas chromatograph was equipped with a RTX-1 column (Restek, Bellefonte, PA, USA) with a length of 40 m and internal diameter of 0.18 mm. Samples (3 l) were injected with a programmable temperature vaporizing injector in the splitless mode and a splitless time of 1.5 min. The base temperature, 65ЊC, was held for 0.1 min and raised to 350ЊC (10ЊC/ min). Total transfer time was 1.5 min. The initial oven temperature of the gas chromatograph was 50ЊC, which was maintained for 2 min after injection. Afterward, the temperature was raised at 40ЊC/min to 120ЊC and again at 16ЊC/min to 335ЊC, which was held for 2 min. Helium was used as the carrier gas at a flow rate of 1.5 ml/min.
Time-weighted average concentrations of MXC were calculated based on exponentially decreasing curves fitted through the measured concentrations.
Statistical analysis
Statistical analysis was performed with Statistica software (Statsoft, Tulsa, OK, USA): All data were tested for homogeneity and normality with the Levene test and KolmogorovSmirnov test. If these assumptions were met, one-way analysis of variance followed by Dunnett's test was performed on the results. Nonparametric Kruskal-Wallis followed by multiple comparison was performed if the homogeneity and normality assumptions were not met. The differences described were statistically significant at p Ͻ 0.05. The 96-h LC50s and 95% confidence intervals (CL) were calculated according to [31] . Nonparametric Spearman tests were performed for the correlation analysis of GSI and VTG.
RESULTS
Mortality and condition of adults
A 96-h LC50 of 36 g MXC/L (95% CL: 0-56 g/L) for males and 129 g MXC/L (95% CL: 83-262 g/L) for females was obtained.
At the end of the 14-d exposure period, 90% of the males exposed to 50 g MXC/L had died, although for the females a 10% mortality was observed ( Table 1 ). The 14-d LC50 for male zebrafish was 20 g MXC/L (95% CL: 5-50 g/L). No exposure-related mortality of female fish exposed to MXC and males and females exposed to EE2 occurred. Effects on the condition factor were not observed in either of the treatments (Table 1) .
Mortality and growth of juveniles
No exposure-related mortality occurred during exposure of juveniles exposed to 0.05 and 0.5 g MXC/L (Table 2) . Unfortunately, both replicates of the highest concentration (5 g MXC/L) were lost due to a dosing error on day 12 of the experiment. Juvenile growth was not affected at 0.05 and 0.5 g MXC/L. Condition factors (data not shown), length, and weight of exposed fish were not significantly different from those of the control fish after 14 or 33 d of exposure ( Table  2) .
Hatching of embryos and mortality of larvae
Embryos exposed to 10 and 32 g MXC/L began to hatch at least 4 h earlier than those in the solvent control and 1 g MXC/L treatment (Fig. 1) . After 124 h, almost all larvae, MXC treated as well as solvent controls, had swum up.
Mortality of hatched fry exposed to the two highest MXC concentrations was higher then fry in the control and 1 g MXC/L treatment (Fig. 2) . All larvae exposed to 10 and 32 g MXC/L had died 7 to 8 d after hatching, while control fish and fish exposed to 1 g MXC/L survived up to 14 d posthatch.
Measured concentrations of MXC in the 14-d experiment
Measured concentrations of MXC in the different test vessels are given in Figure 3 . An exponential decrease of the concentration in the tanks was noted during the experiment. The regression equations, corresponding correlation coefficients, and time-weighted averaged concentrations (based on the fitted exponential curves) also are given in Figure 3 . No MXC was measured in the solvent controls (detection limit ϭ 5 ng MXC/L).
Estrogenic effects of MXC toward adults
The GSI or HSI of adult males and females exposed to 0.5, 5, and 50 g MXC/L for 14 d were not affected. Exposure to 50 ng EE2/L, however, significantly reduced female GSI ( Table  1) .
The minimum quantity of purified VTG that could be detected with protein electrophoresis was 10 ng protein per lane, corresponding to 5 g/ml blood (ϳ 2 l of blood was loaded per sample).
Significant concentrations of proteins with a molecular weight of 145 kDa and 172 kDa were detected with protein electrophoresis in blood of all exposed fish and in unexposed females, but only background concentrations were detected in unexposed males. To confirm that these proteins were VTG, Western blot was performed on blood of both unexposed and EE2-treated males and females. Western blotting of blood of nonexposed males showed almost no detectable reaction products. Similar analysis of the blood of EE2-exposed males and exposed and nonexposed females, demonstrated two clear bands with molecular weights of 145 and 172 kDa.
Compared to control and MXC-treated fish, males as well as females exhibited higher blood VTG concentrations after exposure to 50 ng EE2/L for 14 d (Fig. 4) . Up to 55% of the total blood proteins of the EE2-exposed fish consisted of VTG. Exposure to MXC did not affect VTG concentrations in the blood of female fish. Males exposed to 5 g MXC/L, however, showed a significantly enhanced VTG production. The one surviving male exposed to 50 g MXC/L had a VTG concentration of 33% in its blood. A comparison of VTG-based LOECs and no-observed-effect concentration for different fish species exposed to waterborne MXC is given in Table 3 .
No significant correlation between GSI and VTG content of female or male zebrafish was observed.
Effects of MXC on VTG production in juvenile zebrafish
Whole body homogenates of juvenile zebrafish exposed for 14 or 33 d to MXC did not have significantly different VTG concentrations compared with control fish (Table 2) . Overall, VTG was measured in most juveniles, but the interindividual variation was high. The molecular weight of the VTG proteins detected in juveniles was 143 kDa and 171 kDa.
DISCUSSION
The 96-h LC50 of MXC for zebrafish corresponds well to the 96-h LC50 for other species. In [32] , 96-h LC50 values for different fish species ranging from 7.5 to 150 g MXC/L are mentioned and in Krisfalusi et al. [2] a range of 10 to 260 g MXC/L is given. According to Krisfalusi et al. [33] , the 96-h LC50 for rainbow trout ranges from 5 to 40 g MXC/ L. We observed an almost four-fold higher sensitivity of male zebrafish compared to females. Most other authors, however, do not mention the sex of the fish tested, which makes comparison with other acute toxicity data difficult. However, in Ankley et al. [5] it is reported that all fathead minnows that died during exposure to 5 g MXC/L for 21 d, were male fish. The authors suggest that the lower fat content in male fish possibly is responsible for (a part of) the higher toxicity of MXC to male fish. Similar observations, with males being more sensitive toward waterborne exposure of estradiol, were found in fathead minnow in [34] . In contrast to these findings with MXC, no sex-specific differences in 72-h LC50 for medaka exposed to the estrogenic compounds 17␤-estradiol and p-nonylphenol were detected in [35] . The same authors observed that male medaka exposed to bisphenol A, however, were slightly more sensitive than females. High VTG concentrations also were associated with kidney damage and liver damage due to protein deposition in medaka (Oryzias latipes) and rainbow trout [36, 37] , which also may account for sexspecific effects. Our data and those of others thus demonstrate that the sex of the exposed fish can influence the results and interpretation, even when considering simple parameters such as mortality. Consequently it is recommended that the sex of test organisms, certainly in the context of endocrine-disrupter evaluations, be reported on a routine basis.
No significant effects on survival, length, weight, and CF were detected in juveniles exposed to 0.05 and 0.5 g MXC/ L for 14 and 33 d. These findings correspond to those reported in [13] where no effects were detected on body weight and CF of rainbow trout exposed for 21 d to concentrations of up to 9.8 g MXC/L. Exposure of juvenile fathead minnows to 1.8 g MXC/L (7, 14, and 21 d) resulted in a reduction in growth, but not in fish exposed to lower concentrations (0.43 and 0.16 g/L), comparable to the concentrations used in the present research. According to [1] , an eight-month exposure to 1.5 g MXC/L resulted in a reduced growth of platyfish (Xiphophorus maculatus) and swordtail (Xiphophorus helleri). Overall, our results are in accordance with the results of others and these data suggest that growth of juvenile fish potentially is affected by concentrations of MXC above 0.5 g/L.
Regression analysis showed an exponential decrease of the MXC concentration in all treatments during the VTG induction experiment. A more rapid decrease of the initial measured concentrations can be observed for higher concentrations. The MXC has a solubility of 0.04 mg/L to 0.1 mg/L at 24 to 25ЊC [32, 38] so the added amount of the highest exposure concentration is in the same order of magnitude as the maximum solubility. The rapid decrease of MXC at higher concentrations probably is the result of the constant airflow of the oxygenation system. Even with an estimated vapor pressure of only 1.4 ϫ 10 Ϫ6 mm Hg [39] , MXC still can be purged out of the water, an effect that becomes more pronounced at higher concentrations. Another possibility is that MXC was bioconcentrated and/or metabolized by the zebrafish, resulting in a (quick) decrease of the initial MXC concentrations. Calculated timeweighted concentrations in this semistatic experiment were far below the nominal concentrations (16 times lower for the 0.5 g/L treatment, 19 times lower for the 5 g/L treatment, and even 43 times lower for the 50 g/L treatment) (Fig. 4) . Because the semistatic renewal resulted in pulsed MXC concentrations (Fig. 4) , nominal concentrations were used throughout this paper. The MXC, in this study chosen as a model of weak estrogenic compounds, induced estrogenic effects in adult fish but not in juveniles (in the tested range). The molecular weight of the two main VTG fragments in adults (145 kDa and 172 kDa) and juveniles (143 kDa and 171 kDa) are similar to those we detected previously [21] and those reported by others (140-149 kDa and 170-176 kDa) [20, 22, 40] . The fact that, contrary to females, unexposed males had extremely low to undetectable concentrations (protein electrophoresis and Western blot) of these two proteins, these proteins were inducible by EE2, and the molecular weights of the proteins detected are identical to reported VTG weights, strongly suggests that these proteins are indeed VTG. Enhanced VTG production was noted only in male zebrafish. No estrogenic effects of MXC on females (GSI or VTG induction) were detected. Males exposed to 5 g MXC/L and the one surviving male exposed to 50 g MXC/ L (for 14 d) had higher blood VTG levels than control fish. These results are consistent with findings in fathead minnow [5] . These authors described a nonsignificant increase in plasma VTG in males, but not in females, after a 21-d exposure to 0.5 g MXC/L and a significant increase after exposure to 5 g MXC/L. At these concentrations, fish also suffered from reduced fecundity (measured as the number of eggs spawned per day). No effects on GSI were noted. These authors also measured concentrations of MXC and its mono-and di-hydroxylated metabolites in the exposed fish. The MXC was accumulated two to three times more in females than in males. However, this difference between sexes was eliminated when normalized for lipid content. The di-hydroxylated metabolite 2,2,-bis[p-hydroxyphenol]-1,1,1-trichloroethane was not detected in the fish. The mono-hydroxylated metabolite was estimated to be equally accumulated in males and females. Although not calculated in that study [5] , this would mean that males accumulated two to three times more of the di-hydroxylated metabolite than females when normalized for lipid content. It was suggested that mainly the mono-hydroxylated MXC metabolite would be responsible for estrogenic effects. Only males and not females showed an estrogenic response in both [5] and our study. A possible explanation could be the lipid-normalized accumulation of the di-hydroxylated metabolite (if one assumes that this metabolite mainly is responsible for the estrogenic effects), which would be two to three times higher in males than in females. Further research is needed to test this hypothesis and to elucidate the underlying mechanisms responsible for these effects. Another possibility is that (low) excess VTG in females is sequestered to the developing eggs, while in males even low VTG concentrations accumulate in the blood.
Generally it is accepted that metabolization of the parent compound MXC is needed to exert estrogenic effects [2, [5] [6] [7] . This may serve as a possible explanation for the fact that in most studies where no estrogenic effect or only a very limited effect of MXC is found, fish were exposed via intraperitoneal injection [6, [8] [9] [10] . It could be speculated that injected fish accumulate less of the estrogenic metabolites and/or have less of these compounds available at the target sites in their body than fish exposed via the water. This is supported by findings of [7] , who detected only a slight increase in plasma VTG concentration (less than 3-fold increase compared to vehicletreated fish) after intraperitoneal injection of channel catfish (Ictalurus punctatus) with MXC, but observed a nearly 100-fold increase when injected with a racemic mixture of monohydrated MXC. These results show that the exposure route may be very important in determining effects of toxicants.
Contrary to previous findings with EE2 [21, 23] , no negative relationship between the GSI and the VTG content of female fish was observed. It is not clear why this relationship was not found in MXC-exposed fish, but this may indicate that the estrogenic effects of MXC are different from those of EE2.
Estrogenic effects of MXC on adult zebrafish exposed for 14 d occurred at similar concentrations as those reported for other species (Table 3) . We found effects on VTG production in fish exposed to 5 g MXC/L; similar effects were detected at 9.8 g/L (14 d) in rainbow trout [13] , at 2.5 g/L (21 d) in sheepshead minnow (Cyprinodon variegatus) [11] , and at 3.6 g/L (21 d) in fathead minnow [5] . Together with its low sensitivity to handling stress and its short lifecycle, we suggest zebrafish to be a very suitable species for routine screening of potential estrogenic chemicals.
Hatching and survival clearly were affected in MXC-exposed larvae. Most authors report a delay in zebrafish hatching as a sign for chemically induced toxic stress (e.g., [41, 42] ), but exposure of salamander Ambystoma macrodactylum eggs to sublethal concentrations of MXC has resulted in precocial hatching [43] . These authors suggested that the induction of precocial hatching is an action independent of estrogenic actions in the salamander larvae. It is not clear how these effects on precocious hatching in zebrafish are mediated and whether or not this is an estrogenic action, but larvae that hatched earlier died off quicker during the starvation period. It is thus suggested that the precocious hatching may influence the subsequent survival of zebrafish larvae. In general, larvae in our study hatched late (after ϳ96 h) in all treatments (controls included). Normally, zebrafish larvae hatch 72 h after fertilization [44] . This might be a strain-specific effect.
Shortened time-to-hatch and subsequent precocious mortality occurred at slightly lower or equal MXC concentrations than the 96-h LC50 (36 g/L for males, 129 g/L for females) or 14-d LC50 (20 g/L for males) obtained with adult fish.
The VTG concentrations in juvenile MXC-exposed fish did not differ from the control. In all treatments, including controls, relatively low concentrations of VTG were detected. Male zebrafish pass through a stage of juvenile hermaphroditism. Ten to 12 d posthatch, the gonads of all juveniles start to differentiate into ovaries irrespective of their genetically determined sex. The development of ovaries continues until they reach an age of 23 to 25 d, after which sexual differentiation begins. Forty days posthatch, the process of sex differentiation is completed [45, 46] . The growth rate and development of zebrafish can be retarded by lack of food, fish load, and other stress factors [8] . We measured VTG in 41-and 61-d-old zebrafish exposed from 28 d posthatch and found that juvenile zebrafish are able to produce VTG without stimulation by (xeno)estrogens. The VTG content varied greatly, also in the control. It is not clear whether VTG is produced in higher concentrations by genetic female juveniles than by male (hermaphroditic) juveniles. It is possible that the differences in VTG production between males and females account for the high variation of the VTG levels. This suggestion is supported by findings in [45] where a high variation in estrogen receptormediated processes in juvenile zebrafish also was detected and this was attributed to the genetic sex of the juveniles. Few studies addressed to measuring VTG in juvenile zebrafish. According to Andersen et al. [46] , a 40-d exposure of 20-d-old zebrafish to 1.5 ng EE2/L resulted in a significant increase in VTG content, as measured with enzyme-linked immunosorbent assay (ELISA). In Fenske et al. [20] VTG was detected in whole body homogenates of estrogenized zebrafish juveniles (exposed to 10 ng EE2/L from hatching until 66 d old). It is possible that MXC did not exert estrogenic effects on the 28-to 61-d-old juveniles at the tested concentrations (10 times lower than effect concentrations for adults). However, because we also have found no induction of VTG in juveniles exposed to EE2 (Versonnen et al., unpublished data), other possible explanations may be put forward: Different detection methods, matrix effects (whole blood, plasma, or whole body homogenates), or the fish age. In Fenske et al. [20] , for example, fish were exposed immediately after hatching; in Andersen et al. [46] juveniles were exposed from 20 to 60 d posthatch; and in the present study the zebrafish were exposed from 28 to 42 and 61 d posthatch. Critical time-windows for effects (e.g., in the hermaphroditic stage of the males) may have been missed in the present research. Another possibility is the fact that not MXC, but one or more of its degradation products are estrogenic and juveniles might differ from adults in their metabolism of MXC. This suggestion also is made in Panter et al. [12] where, contrary to previous work (Ankley et al. [5] ), no clear vitellogenic response was observed in juvenile fathead minnow.
The 96-h LC50 for MXC (36 g MXC/L for males and 129 g MXC/L for females) is higher than the concentration of MXC (up to 1.7 g/L) encountered in most surface waters [4, [14] [15] [16] although concentrations of 50 g MXC/L occasionally have been detected [17] . Estrogenic effects and effects on hatching occurred at 5 g MXC/L and 10 g MXC/L, respectively.
CONCLUSION
Overall, zebrafish are proposed as a suitable species for testing chemicals with estrogenic properties. Adult zebrafish are equally sensitive in their vitellogenic response to MXC as other teleosts. The use of zebrafish juveniles in estrogenicity testing, however, has to be investigated further. Estrogenic effects, effects on hatching, and embryo mortality were only slightly more sensitive than the 96-h or 14-d LC50. Furthermore, all estrogenic or toxic effects were observed at fairly high concentrations compared with environmental concentrations.
